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Mefibod and appamtos for producing contrast agents for magpie resonance imaging 
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Field of the Invention 

Thfi present invention telates to an apptu^la s and metbod fax para-hydxogen induced 
hypexpolaiization of a compound, and in particular for tho preparation of a contrast ag^nt finr 



inagDetic lesonanco iniagmg procedures. 
Badkgronnd of flielnye^on 

Magnetic Resonance Lnagm^ (MRI) is an in]|)ottant diagnosnc techmqnc It is especiaDy 
10 attractive since it is non-invasive and dx:>es not expose the pafiemt to potentially harm&l 
radiation sudi as X-ray? or radiation &am ladioactlye materials. Sigtdfic^ progress has 
recently been made ia the quality of images as well as finding new applications of the 
technique. The progress celi» on a rapid development of the digital image processing, the 
refined Nuclear Magnetic Resonance (NMR) techniques and die development of effective 
15 contrast agents (imaging agents). An emerging technique of particular interest involves 

Magoetic Resonance (MR) contrast agents based on the principle of pr&-poIaiizatLon of die 
nuclear spins^ also called hyperpoiarization 

For the resonance piheuDmeaa^ v\duch is ibe basis of NMR and MRI, to occur, i^otnpffi with 
non-zero nuclear spin have to be presenL In addition, smcoNMR is not an extremely sensitive 

20 tedmique, a relatively high cQncentradon and/or a high gyromagneiic ratio is needed, 

especially £br imaging purposes. Tbe nse of a selected isotope in a contrast agent which is to 
be injected in a patieot, puts further requirements on the selected isotope, for example 
regarding toxicity. A xnnnber of isotopes have the required ^in properties, but only a few are 
considered inter^ting ibr the use in contrast agents^ for exanrple the carbon isotope ^^C and 

25 ttie nitrogen isotope The carbon isotope ^"^C has many properties that would it make it 
usefiil as a fimctional part of an MRL contrast ageat. An important feature is the long 
longitudiaal relaxation time, 7/. The relaxation time needs to be long in order to have time^ 
afker the generation of the contrast agent, to inject the contrast agent isxx) the patient and to 
aUow die contrail ag^tobo transported to the organ diat is to be studied. To make an^efnl 

30 MR-contrast agent of this kind, the sigual strength has to be boosted significantly over the 
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tfaemial equitibriraj signaL Patent ^plication WO 00^71 166, by the same applicmt, <jBscribes 



tagamc molecnde contaming for exa.iq>le "C. The signal was mcreascd ^ a actor 10 . Hie 
process is lefened to as PararHydtogca Induced Polarisation (PHIF) «ad comprise the 
5 tiansMngofffliclearspin-oiderfixmipara-h^ 
inicla in molecolea, e.g. to "C or ^'N xnwJei. 

Hydrogen inolecnlea exist in four difierent spin states, fa one of me fonns, characterised by 
antiparallel spins, the magnelic moments of the protons cancel. This form is called patar 
hydrogen. The odier three forms, widi a net magnetic momenli are referred to as ortho- 

.0 hydrogen. The paia-hydrogaa will notrotate at low temperatme whereas the orlii<>-fi>rm must 
rotate with a fieqaency at aU temperatures because of qui^^ 
^.^qTriEemedisof the wave fimction. This indicates that at low temperatare the para-fiarm will 
have a agnificanfly lower energy, and hence is the ensrgeticaUy fevouicd fetm. At 
temperatnres below 20 K the equilibrium ratio of para- and orlho-MK>sen approacaiea 100:0. 

5 at 80 K. doe ratio is 48:52 and at room temperature appioximatBly 1:3. The equilibtadon can 
be speedednp by the presence of a transition metal catalyst, ag. FezO,. Pararhydiogen relaxes 
slowly (if no catalyst is present) at room tempaatnre. 

In WO 0W71166 it is described how to oalalytically hydrogenate (wilhpararhydittsea) 
unsatmatad compounds comprising nan-zero sptnmictei such as "C The spmcorrefaiiottof 

20 the protons ftomlbe par^hydrogpn will be pres«aveddmi»g and after hydrogenaiion, and the 
influence on the spina of tbe "C nuclei breaks tiiB.syn»nietcy of the spin system. The protons 
will now give anNMR-agnaU but fte nan-equllihrium spia. order is not sufficiaut to make flie 
molecule useful for imaging puipoaes since iihas an anti^phaflebdiavionr that is not ideal for 
imaging, hi the above cited plications, and further in Taral^gen-Induced Poteizaticm 

25 in hnaging" by K- Gohnan et aL. MagnBtic Resonance in Medx<rf»e 46: 1-5 (2001^ amago^ 
fifiU cycling method is described for transforming theproton spinier to cai^ 
polarization. In a first step the external magnetic field is reduced 

geomagnetic field) bringn^g tihe combined proton-carban spin system into its strong coupling 
regime, hi this regime the scalar coi9»ling(JH»i9»li>S)stroo^y influences^ 
30 spin system. The reduction of ihe field should be fifit. giving a di«*aiic (non-adiabatic) 
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pnwess. la a subsequisnt step fte field strengfli is slowly increased {m. adiabatic procsess). The 
field cycling will respite in a substantial increase in the polarization of the spins of the "C 
nuclei, giving an in-phase NMR-sigoal, and faprease the nsefiihiess of tiie conipoimd as a 
contiast aseot for use in imagiiig procedures. Howevw, U>e result of 4c field treatment^ 

5 be dependent on the scalar coiq>ling of the combined spin system and the propissrtiea of the 
magnetic field, m WO 0071166 cacangiles of field cycling schemes ate dosoibedfliHt give a 
substantial improvemHit in the image quality. To make the meihod even more athsctive fin- 
use in medical and diagnostic applicationB it would be of high value to fiffther increase ifae 
degree of polarisation of the caibon spins and to prolong the relaxation tinofi of the nuclear 

10 spinsys^n. 

t 

Snnunaiy of Ibe InvaitSon 

The olgec* of the prasant invenfiom is to ptovide a niBdiod and an apparatus fi^ 
NfRI <»Dtiast agent mtb a fai^ deg^e of polarisation of the ixusqp^ 

The object is acOnevedby the method as defined in claim 1, fiie apparatus as defined in daim 
15 11, and by the coii?>Titer program prodoot as defiiied in claims 16 and 17. 

The method fte prodncing contrast agBia accoiding to file present m^ 

steps of obtaining a solirti0n in a solvent of ahydroganaiable, unsaturated substcate compound 
and a catalyst fiir die iQrdzQgeDation of a sobstiate compound, hydrogeuatingtiiB substrate 
witii hydrogen gas (Hsi) enriched hi para-hydrogen (p-'lfe) to fi>nn a hydtogpaated contrast 
20 agem and exposing ihe contrast agent to a osdJlatmgnjagnetic field in comW^ 

stationary magnetic fiehi eobandngihe contiasiing effects of the contest agent adapted 
fiir use in an MR iQipIicalion. 

Acooidmg m one embodiment of the present invention die osciQatmg magnetic field is 
osoUlathig with a fte<iacncy Twifiiin Ihe region of radio flreqnencies (around 1 0 Hz to several 
2S GEHie)andptttfbtribIy with a fireqpoicy in die interval 

• Accxsrding to a fin^Loremhodimeiitofdie present invention the st^ 

oscillating magnetic field in corobinalJon -with file stationary magnetic field is peifiamed 
during the step ofhydtogcnation, wherein die step of eiqjosure is perfi>imed Bar reducing the 
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relaxation of the spin system of the cantrasi agent, whereby the contrasting effects of tite 
OTEilf&sc agent is enhemced. 

Accoiding to a.still flirthCT embodiment of tbe inventian the step of exposure to tiie oscillating 
magnetic field in combmation witisi the stationary magtielio field is perfonned after the st^ of 
5 liydiogenatiom, the stqp of e^qwsnre is perfonned fof enhancing the degree of polarisation of 
Ittinging nuclei of the contrast agent, whereby the contrasting ejBT^its of the contrast agent is 
einhanced. The oscillating fi^ld is applied in the fcrm of a series of pulses witii the fteqnency 
and angle yaiying and adapted for the contrast agent in 

Hid appaiatos for produdng MR. conlrast a^nt according to the present invention coix^rises 
1 0 •fwMTig for producing 3n oscillating magnetic field fcnd vieans toe producing a stationary 

magnetic field. The means for piodudng bo^ the oscillating magnetic field and the stationary 
magnedc field may advantageously be of the same type as commonly used in NMR 
eguipmept. 

One advantage afiforded by the apparat us andmefliod according to the preseait invotion is 
IS »i >flt contrast agent can he produced that sigmficantly improve the image quality and/or 
speeds iq> the process inanMRI application and/or impro ves the analysis perfcrmance in an 
M]MR. application. 

A fbrtber advantage is that novel types of imagmg, not possible^ or very difi&cnlt to pet&rm 
Vfith prior ait techniques, can be perfinmed. 

20 The advantages are achieved by the apparatus and mothod according to th^ preseEut invention 
by providipg a higjh degree of polarization of the imaging nuclei of the contrast agents by thai . 
the process of pmdncing contrast agent is &st, thexeby redurang the problems with relaxation 
of die spins system of the contrast agent and by that the rela?<ation of the spins system is 
efifectively reduced, 

25 Brief DeseriptfoioL of die Drawbigis 

Hie invoition win now be d^cdhed in d^ail with re&rence to the drawing figures^ in which 



Fig. 1 is a flowchart iltustratiiig the main steps of the method according to the invention; 
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Fig. 2 is a schenjatic diawJaigmxiBtiatmg the s^paiatus according to the invention; 

Hg. 3 b a sdttiaatic drawing illusteat^ 
dccording to flie invontian is; 

Fig. 4 is a flowchart iUuslrating one embodiroeot of the method according to invratiai^ 
5 FigSisaflowdbaitfllastiaiingooeranbcdmentofthemet 

Detoined Desci^tion of &e invention 

Parts of apparatus and parts of liic piocdss described in WO 00/71 166 are advantageously 
utiliBed also in tbe piesenr invortion. WO 00/71 1<56 teaches that the hydjogenatLon reaction is 
preferably pcribxrofid by mixing gMeous pararhydrogen (or ortho-deuterium) enriched 
10 hydiogenwi&»s6Iiiiionofaaimsatiii»tedconq^ 

The main steps of the of the method according to llie iirventjon win be described with 
reference to the flowchart of FIG. 1 and comprises lie following mam. steps: 

100: obtaining a solution of a sohrent, ahydrogenaiaible, unsatoTBted substrate compound and 
a catalyst for tihe hydxogenation of a sobstrate compound; 

15 110: inboduiiane lie solution into a chamber containing hydrogen gas (^^^ 

hydrogpn (p- ^Ha) in order to hydiogenate the substrate to fonn a hydiogenaied conttast 
agent. 

The method according to the pxeseot invtsition intcodnces amain step of: 

120: sulae«aii« the conlra^agqa* to an oscillating ^^^^gaetlc field m 
20 statiooazy magnetic fidd.; 

The oscillations of the oscillating magnetic field should preferably be in the kHz-WKz-rcgion. 
Such oscillsting fields are commonly known as rf-fields, and die term rf-field wiU hereafter 
be used to denote an oscillating magnstio field with a ftequency in the interval 5 kHz to 500 
MHz. A ftequency range of 10-500 IsHz is preferred for many appHcations, The rf-field 
25 treatment enables spin-order to be transfsnred from protons in the freshly hydrogenated 
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conlrast ^ent into polaiizatioii of a nucleus wWim the same malecnle with a slower 
rdaxatxon, prefeiably a^C or ^ micleL Hiese nuolS^^lTbe rcfetred to as lEoEagmg nncia: 
In addition an if-field may be used to reduce the relaxadan zate of the spin syst^$ dxxtby^ ttie 
bydiogeaatioxi-fuocess, givii^ a higher pcdaaizaiion of the contiast agenc An aprpaxatus and a 
S method acccirdins to the pi:esent invsatiou &r junoviding ifae if-field and st«tioDaiy SeJd 

during^ prodnotion of the imagmg agmt is described below. The method and qyparatas will 
be emnplifi^ with contrast agent contpddng carbon (*^C). This shonld he regarded as a mm 
ihntimg example. Other isotop« could be used^tii sli^t modifications to the detailed stqjs 
of the method. 

10 The hydrograiaiable ^ibstrato used may be a materia] such as a paia-hydrogeaation substrate 
as discussed hi WO99/24080. For in vitro or m vivo MR studies of biological or quasi- 
biological processes or synlfaetic polymer (e.g. peptide, polynucleic add etc,) syntheses, the 
substrate is preferably hydiogenaiable to form a molecule participating in such reactions^ e.g. 
an amino add, a nucleic acid^ a receptor-binding molecule, etc.;» either a natural such molecule 

IS ogrananalog. 

The solvent used in stsep 100 of t}ie process of die uxvendon maybe any comrement matedal 
which server as a solvent for the substrate and Ihe hydxogenadon catalyse A nmnbear of 
possible solvent are discussed in WO99y24080. Wh&i the conitxast agent is &r use in in vivo 
MR investigatioxi5> the solvent is preferdbly ]ph;siologically tolerable. Water is apxeferred 

20 choice of solvent, used in combinatian vradi a watw^lnble cgAalyst. If other solvents thai are 
not physiologically tolerable are used, the solvents has to be removed be&re use in a patierit, 
for example by vacimm-spray. Other rapid solvent removal techniques, e.& afiSnity 
techniques, may however be used. The sotvoit is preferably used at or near die minimum 
quantities required to maintain substrate, catalyst and contrast agent in solution wifhoui 

25 expenenciug viscosity problems during the liydrogenation reaction. 

The hydxogenation catalyst is preferably a catalyst as discussal in WO99/2408Q, e.g, a metal 
oonvlexy in particular a rhodium con^^kx. 

The enridbed hydrogen^ which may be pme ^2 ctr ^Hfe, or a mixture of ^Ba and may 
optionally contain other gas». but is pKefferaUy firee fixnn oxygen or other leadive or 
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paiamagEi^elic gases, Biay be prepared ty cooling hydrogen, preferably to a tempeiatiiiB bdow 
80 K, more preferably to bdbw 50 K, ev«» more preferahty to belofw 30 EC and especially 
preferably to betow 22 K, and allDwngthfi nucikar spin states to eqmlibiate, opiionaEy in the 
presence ofascOid phase etpiHbrationpromotff.^^^ activated charcoal, etc. 

5 The emidiedhswirogen is then preferably remove 

before use. A meCbod of preparatum and storage of enriched iq>diogea is described in 
WO99/24080. A preferred and novel method of storage and equipmeat fijr Ihat pmpose has 
been developed by ^ incveDtors. The enriched hydrogen is Irensfetrad to and stored ix gas 
cylmdeis made of inert ipaterial. Inert in fliis context should be understood as made up "by 

10 tnateiial «fieatially fiee fiom paramagnetic nrtftterialB (primarily inm) and othier para.- 

hydiogea relasdng compounds (oLfr palladiimO. Bxwnples of iofirt materials suitable fiwthe 
gas oytindcre are aluminnm and caxbtm fiber retoforeedepoxy. The enridwdhydrt^en will 
decay slowly (in the mder of 10% per vreek). Such a decay rate is acceptable fer most 
appJicatioiiB, espedally compared wifli the coat and handling preblams of pibtootjs storing 

IS methods involving storing at cryogenic temperatures. 

For the hydK^enatioa reaction, a reaction dbaniber is filled "vnthoiricbed hydrogen 
optiionaUy under picssure, preferably 5-20 bar, and the oatdyBt and sabatrate solutioai is 
iatrodaced eithar as a thin jet, by spraying or by atoniising. into tfris reactor. If drairied, the 
solution may be ptodueed by mixing sgMrate soMnns of catalyst and of snbstraie. To ensure 
20 piopermaxin&, a distributor or a plurality of spray nozzles may be used, and the chamber 

contents mf^y be mixed, e.g. by a nwchfloical stirrer or by appropriately shying tf»e chamber 
vraUs to promote tnrbulenl mixing where Ihere is a flow of reaction mixture in the chamber. 

The process may be perfbmied conliimously with a flow reactor* e.g. a loop or tube reactor, or 
alternative it may be a batch-wise piocess. Erefisiably there will be a condnuous or pulsed 

25 flow of eairiched hydrogai and solution into the reactor, a conliimous or batch-wise xeaoioval 
of liquid solution fiom Ac Ijase of the reactor, and a continuous ot batoh-wise venting of 
unreacted gas from the reactor. The enriched hydrogen and solution passing into the reactor 
are preferably tanpe»ator©-conlrolled to ensure the gas/droplet phase in the reactor is at the 
desired temperature. This can be achieved by providing input lines wifli temperature sensors 

30 and heating and/or cooling jackets. 
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If a non-aqueous solution lias been used ftie contrast agcnx is preferably mixKi with water 
after the hydrogeaadon and tite exposuia to fhem^etic fi^Ws* The water used is preterabiy' 



st^e dJid ateo preiteably ^entially free of pexamagnetic contamixwxits. The tesultaiEt 
aqneoi^ solution is then preferably treated to remove the hydrogcaation catalyst e-g. by 

5 passage fhiou^ an km exchange coltimst preferably one free of paiamagnetic conteminrots. 
The water n^y be teDopegnattire-coDtrolled as maybe a mbdng chamber where wsOer d0d 
contei^ agent solutions are mixed so as to ensuie the aqueous solution enters Ihe ion 
eocehange column at the appr o p riate temperature- Stroingly acidic, sodium Um ciiar^d ion 
exchange resins such as DOWEX hc2-40D (Dow Chemicals) and AmberKte IR-120 (both 

10 avaiI*leftOTaAldiichChatnicals)tesnisn^ 

metal complex hydrogenaxiQn c^dalj^ts. For fhst ion exehange. the zesin is pie&rably (toss- 
linked to only a low degree, e.g. a 2% dhrinyl benzene cross^linked sulphonated^ sodium ion 
loaded po];y^tyrBne resin. 

Removal of the non-aqueous solvent may then ccxnvementily be effected by spray flash 
15 f>i'< ?ti11ari nn e_g. by spraying &b aquBous solution into a chamber, applying a vacuum, and 

driving the oxsanic solvent free aqueous solution from the chamber using an inert^ preferably 
non-^axamagnetic ga&i e.g* nitrogen, hideed in general the flow of liquid componrats Ihrough 
the hydrogenadon apparatus is preferably esffected using applied nitrogen pressure, e.g. 2 to 10 



20 The resulting aqueous contrast agent solittion may be frozen and stored ormay ptrefeiably be 
used dirtttly in an MR unaging or ^ectroscqpy procedure, optionally afier dilution or 
addition of further solution components, e.g. jxH mocBL&exs, complexing agents, etc Such 
direct use may for example involve continuouis infusion or alternatively ixgcction or infusion 
of one or more dose units. Bolus ixyecticm is particulariy inteiiesting. 

25 The whole process from bagjtening ofhydrogenation to the dehveiy of the finisJh^ contrast 
agent in fiur example a synnge may convenifi^y be efitected in less than 100 seconds, indeed 
it is feasible to produce dosage units xn less than 10 seconds, which is substantially less than Ti 
for the potaxtially interesting fanagmg mideL 



m^M^m i^^32^^^^^ 
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PrefetaWy. fee sorfeces contactBdljy the contiast agent during die process of the invrotkm ate 
sDbstBiitially fiee of parwnagQetic loatsrials, e.g, made of glasses as used fer bypeipolanzed 
3He coniaimneiit as disCTBsed ii W099a73(W or gold or pol^ 
Swri&ces contactnigaiian-aqtteoiiB solvent (e.g. acetone) should be aceWDwesistant and 
valves may be magnsticany controlled and provided wiih solvent resistant Tfeflon or silicone 

partSt 

An apparatus suitaUe £br piodncmg conlrast ag^ by the method according to the present 
invention wiU be described -with ledBatenoc to FIG. 2. HydrogCTi (^2) enriched in para- 
hydiogMi is fed fam. the paxa-hydrogea souxce 200 into a reactor 210. A hydiogenation 
catalyst sotudcm fiom a catalyst reservoir 220 arid a hydrogenatable substrate solution fiom a 
siibstzatB reservoir 230 are fed into the reactor 210. The fiqndd settling in reactor 210 is 
transfeired to a magoetic treatment unit 240, vMtii essentially oonqaises a compartment Bar 
the sohitioo sinroundedby a low field, tw-dhannel NMR qjiscttometer, and ihemce to 
fim'alitng unit 250 for ckaniip, qoality control and possibte addition of additives and solvent 
remiffvtti tha fmiBtrnig mat may comprise an ion eacdiaiiflB colnmn and a solvsnt removal 
ehamlber equipped with a spray nozzte. After the passage ttotmgh the fimshing uiuts die 
jtvMi ging agent is ddivraed to, fbr exanqde, a syringe fbr injection in a petiewt. Alternatively 
Che hnai^ng as^aX h stored fbr hiter usage. The ieacBor 210, may in addition be provided wilii 
amitial magnetic treatment unit 260 adapted fbr pxoducxng a stationaiy magn^c fi^ and an 
rf-fidd As an aUemativc, fee initial magnetic iraatmfiait unit 260 may be combined with fee 
nwgnetic treatment mat 240 \dieirfiy an niagnetic treatment -w^ 

reactor 210. 

An erobodimKit of a jmagoetic treatment unit 240 in accordance wife fee present invention 
■win be described wife reference to fee schematic blodc diagram of FIG. 3^ in which fee main 
pacts of fee NMR-onit are oudined. The same type of NMR-uoit nay be utilized as fee initial 
magaetic trestmHit unit 260, or a combined magnetic treatment mrit. The NMR unit 
cQtx^rises a coil system 300, a radio fl:e<juency synfeeslzesr 3 1 0» an an^lifi« 320, and a 
computer 330, The coils of die coil system 300 are connected to power suppKes 345, which 
pteferablly are connected to and coaitrollable by the con^ruler 330. The coil system coropnses 
aresistive magnet that gives a main field of O.l-lOO mT, preferably HO mT. This magnet 
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Doay preferably be made as a Helmhpls: 340 witti a large radins, aromd 30 cm, to give a 
In^ homogeneity over the sample ^mce which pieforablyfias a volume ot 1 iCTOO mL tsx ifie 
cCTtei of flifi coil system. The coil system 300 is pjC6ferahly provided wiift three linear shim 
coils, X, y, and z (not shown) to allow fbor camp ewMtion of external field gradimts, which 

5 pnxnarily may be doe to the praseace of a nearby MRI system. The inhoEiiogeneity of the 
Hehnhohz pah: will also be impzoved by the ahims. Any other geoxoetry (solmoidal) or 
magnet design, (pcsrmanent magnet) cofXpipsstibLo with the gimeral design of the equipm^t can 
be used. Resistive magEKte are suitable, doe to the moderate field levels leqaired. 
Supetoonductxng magnets m£Ly also bensed. Higher Oder shims caabe added if theice i$ xi.ttd 

10 to place this equipment very close to the MRI magneL When reguireds the magnet coils may, 
completely or in part, be womid ficm almnimmi wire to reduce wei^t Pairs of HdU plates 
(not shown) or other magnetic field detectors may also be pres^ to allow tor mieasur^ent 
of die field gradients in x» y and z directions so that the computer 330 can conqpensate for 
field disturbances automatic^Iy. The Hall sensors provide in additicm fiie mean value of the 

IS magoetic field strength and is used to lock ihe field to the transmitter fii'equra.cies. 

AnT4MR-coil 360 is used to produce the excitation signaL Ihe excitation signal is 
ocmveni^tly generated digitaUy. Theif-coil 360 is connected via switcbijig means 365 and a 
anq>lifier 320 to a digital waveform generator 375, the anqjlLEer and the waveform generator 
filming the rf^ynth^izer 3 10. The digital waveform generator can be a stand'^alone 
20 mstrunuent or aPC card. Hie desired fiieqnency spectrum and phase relaiioxis are created 
BzUtcaiily witbin the linrits of the time resolution of the imtrument/dsvice. The exdtatian 
signal fiom tiie wavefonn generator is amplified to create the desired excitation field strength 
in the coiL Generally, the pulses will be long at the low j&eqiiaicies anticipated, and 
eoflsequeroly the excitation pow» is low, typically a Sew watts. 

25 The NMR coil 360 can he realized in a number of ways. The simplest is a solenoid, which has 
a. hi^ efficiency^ g»H is a prefOTed geometry at low &»^encies. The quality &ctOr of the coil 
is maximized by the use of litz WTr& The coil may be tuned (double timed) or non-tuned 
dming excitation. likewise, the coil can be tuned or non-tu^ied in recsptiaa mode. The 
switching means 365 can be a medbamcal relay or passive drcuitty. 
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The tecdver-part of the spectrometer is convenient &r oonboUing and opttimizmg the 
q,€ctawoaerpteRinnance.l>^ i»t crucial fbr the production of the contrast agpnt. It can 
also 1« used fi» polarization mBaaarernimL An import^ 

noise ampKfier 380, which is needed fbr enabling optbial pcrfiamance oflhe spectrometef. 
5 The amplifier have a sufficiently large bandwidfh and low noise (e-g. less dian 3dB). 

In the case that the isofl is tuned the bandwidth may be increased by negative feedback (active 
damprog). 

The amplififid signal is digltaflized directly and filtered to an appropriate bandwidth by an A/D 
converter 385, pieJetably provided as a PC card. Interpolaticai and decimation reduce the 
10 rignni fteipimey and nmnber of sampling points. ATast Fourier TiansfoimCF^ ^Eed 
to the signal in order to caknlate the spBcbtun. 

Preferably, most of the fimctions are integrated in a PC enviionmOTl, in particular the 
fieqoency generation and sampling. The antoniatic sWrnming and field locking can also be 
handled fiom the PC 

15 A meOiod accoidhis to the invention, advantageously iilili2ing the above descxibed t^ipsaiitm, 
for imsTMsh^g the polarizadon of a contrast agrail, willnowbe described. The mettod causes 
a transfer of pEotnn spin order to a J-ooupled lone-Ti nucleus by 'rf-pulse sequences. Hie 
pulses are ^liedto fiie contrast agent prior to injection into ffaor ejcample apalicaiL The 
mrfhod is genecaBy wKcable for nse with a karge vaticiy of substca^ 

20 seqpiance win be specific fbr the snbstrate and the stationary njagneticfie^ 

will be exeaoD^lified -with a molecule containing only one none-zdco spin nucleus, with 
S=l/2, -ndudi is hydrogenated with para-hydrogen and preferably in aqueous solulian. It 
should be noted that ftfi method according to Uie present invention is not limited to iibi» 
example. The method of using rf-pulse sequences for spin order transfer is appUcable to any 

25 TiK'igftiiles with spba. 1/2 hetero nucleus. 

A prerequisiie far the method is that the hydrogenation catalyst works by such a mediamsm 
that the two Iiydrogen ahHns fiom one molecule of para-hydrogea are ddivered to one 
molecule of substrate to produce one molecule of product These protons pairs are then 
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produced in a singlet spin state^ wMoh coiresponds to a Idgji degree of onter, and fhe rf-finlse 



seqaence is intended to tzans&r this order to carbon polarization. 



the bydrogenation is typically perfonned in the wirth. field, wd fhe hydrogoiatioii will occur 
at different times fer titie individiial molecule. Hais will result in a system finally being in a 
5 statistical steady-state oibaiacterizedby vaxicus popnlations of fhe energy stetes of th$ Spin 
system, coiregjonding to the loss of fhe interstate initial coirelatiops, and the subsequent loss 
of some of fhe initial order. The m^od according to the invention uses spin excitations by 
the way of radiofirequency pulses (rf-pnlses) on either spin specif Le, the JSbeqn^y is 
adjust^ to correspond to die Lamior-firequency of fhe nuclei. This is perfomed in a nLagnetic 
10 field suf&ciently low such that the proton spins are m toe so-called strong coupling regime* 
tiiat is, the di£E£reiice of die carboii-protons coi^ 

resonance fi»qii»cies due to difterent diemical diifis are not large coiDpared wi^ the inter- 
pioton interactions. This has two tmpolant advantages. Firstly, there is no need to use a lai^ie 
magnetic field &r the order-to-polarization st^ znd secondly the very existence of a strong 
IS xnter-spin coiipling is Oie root of fhe efficient manipulation of fhe spin state of die system. 

In the embodiments of the present invention the notations defining sn^es of the applied fields 
refers to a rotating fiame and are ibs notations commonly used in the discipline of NMR. The 
phrases "pulse on carbon**, **pnlse on hydrogen" etc should be understood a$ a rf-pulse with 
fhe fireqaency adapted to &a nucleus and ^e stationary field as to conespond to fhe Larmor 
20 fiequency of the nucleus. 

Two altemative dnbodiments of the iuvendon direcdy qrplicable in the case of the cdibon 
nucleus having only two adjacent protons will be described. These prerequisites hold for e.g. 
2,3-dideutetosuccinate-l-"C. The case wbea more than two protons are coupled to the caAon 
nuchzes is more cQnq)licated than the finmer one givixig amudh moxe coggoplex atnicmte of 
25 the quantum enngy states^ This requires panmeteis such as the delay times between pulses 
and the angles of the apfpUed fields to be acljustcdby optimization, itither by conjurer 
yrfmnlation orby gq>egiments> 



The pulse sequence according to the first embodiment cootiqmses two consecutive main parts: 
The firsx part is a preparation of the state of the systCTQ startiiig fircm the steady-$tai6 density 
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matnx at &e endof fltieliyaiogaiatian, flncoTigh ISC^nlses followed Ijy evolution periods, 
and the second part is piodnction of a net spin 5 (caibon) polarizaliottliy ^ of noft-lSO" 
piilscs OdJitially 90") and evolinion periods. In prindiple only ihe spins S are eatcited, but in 
practice one may apply 180* pulses on the spins/ (protons) simultaneonsly with 180° pulses 
5 on the spins S to reduce dies e&eeXB of field inhomogsndties. 

The steady^te density mabK. er„, after hydrogenation is given by thepiqiection of the 
denatymatrix tT=ifr-4Mj on the ejgpa states ofthcHanrilt«nian (rotating ftame), 

10 die scalar cooplmgs, Jg, and determine the UieoTBtical limit of flie obtainable polarizatioio. 

The fiist nuun pait consists of transftwming the steady-^e density xnatrix above to a state 
that as closely as possibly resembles 5. {f,,!^- 1, J:,,) «S^K,, Le. to optimize the (soalw) 
constani: in ftont of this operator. This is acshieved by a series of 180" poises and subsequent 
evolution peiiods. ' 

15 The second main part of die sequence starts wtbi a 90y(S) pulse that converts S^K, into 
S^Ky . Ibe subseqmit evolution transfonns tfags stale into 

2S^K^ -^ €ssp(-iHip-S,K, cxp(£Hif) winch is a linear combination of S, , 2KyS, and 
2K.S^ (wbere si(/i, -/jj). The coeffidertts in fiontofthesetenns oscillate and dw 
dmaiion of Ibe evolutioo will be chosen so that the tenn containing S, is maximized (at die 
20 same time 2i:, J, vanaMS).T1ien a 9Q^S)pT3lse is applied thai pro 

combination of S, and 2KyS, . Another (identical) evohttioniiroB gives alinear combination 
of the tams (j, + CS^ ) and 2KyS,. A pulse of angle ^ = arctan(C) . }J,(5) » will givetbe 
tenns S, and 2^,5^, (die last tenn is nnaffected by a pulse on S artimd O^. Neglecting 
relaxation a subsequent evolution will not af&ct S^, whereas die term 2KyS, transfonns as 
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abcyve. Repeating the sibove proceduzet olianging the angl& (|> accoidxnglsr, increaBes the 
polanz^ticsi of caibon (^.e. <?z). 

A xeaKzation of the first embodiment of the meHiod according to the invenlion will be 
desoribed wiHk lefi^rence to the flowchart of FIG. 4. realizatioxi of fhe £b^ embodiment 
S conqnises the stqss o£ ' 

400: Applying a staJionaiy magnetic field 

410: HydrogeoHlLon of ihe sobstiate with para-hydzogen in the presence of the magnetic 
fidd^o- 

420: ^plying a series of 1 Z0\ puls^ fallowed by delays on carbon. The delays after 
10 ^ch pulse will typically differ, Ihe delays r/ are typically in the order of 1-100 ms. 

The number of repetitions are typically one or two but may be more. The purpose of 
this step is to hrmg the system into a state consisting of a zero quantum coherence 
* involving tiie two protons and the c<pA>oj>- The determinfltion of delays and number of 
fiepetitions can be made analytically (if having one ca3^7an and two protons) t)r by 
15 nmnedcal methods (more spins3 and involves maxinii[2dne the tenn Sd(J/^2}rI/rl2y), ii^ 

which iSTtefets to the spin operator of caibon mdlj audi? refw to the spin operators of 
the two petotcms. St^ 420 corresponds to the first main part of the embodiment. 

430: Applying a 90^y pnlse on carbon. 

440: Wdtingfart^a. 

20 450: Optionally applying simultaneous 1 S0\ pulses on hydrogen and caihon in order to 
condensate fbr the effect of field inhomogeoeities (spin echo pulses). 

460: pptionaliy waiting fisr tf2 s. 



470; Applying a pulse ^ on carbon, the angle may be different in eadhi stqp and as 

previoufily descxibed defeennined by analytical calculation or by numerical simulation. 
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480: Repeatiag steps 440 to 470 w times. Steps 440-470 gives a progressive build \sp of 
caibon palaiizatioii bx the dizectiaa of the external field axis* The mimber of 
repetitions, is typically 1-5. The steps 43&480 coiresponds to the second main part 
of tihe embodimeut* 

5 The first embodiment is charactesrized in that the puls^ sulretantially efifecting the polaiization 
are applied only to the caiban micaens, i.e- with a frequ^acy corresponding to the Laimor 
jBcBquency of cariwn. The aPtq> involving pulses on boftt caAon and hydrogm is only taken to 
condensate for experimental imperfections. Dependixig on the moleciile. a carbon spin 
polarization between 50% and 85% is typically acbieved- The total duration of the 
10 polaii^anproossB is about one to several hundred milliseconds. Thus, the method is fesi 
which can be crucial because of tbio loss of polarization due to spin lelaxatiorL 

Ibe sCTond embodimmi: comprises three consecuthre mamp^it&. The fix^t^^ part: 
transfoims the steadyftate d-msity matrix (see above) to a state fliat as closely as possibly 
resembles iOl-4(j,,.J,, - J,,/,J)si{l~4(j^/,. -K,% Le, optimi^ fte (soate) 

15 constant in ftont of the operator (optimally equal to one). This is accomplished by a series 
of ISO*^ pulses and. subsequent evolution periods of equal duration. At the end of this part the 
densily matrix is proportional to (disregarding small temis and the imimpoitant constant tran) 
I^^I^, +c8r, (c being close to xraity)- The second mainpart starts with a 9(W«0P^^^^ 
produces flhetenn (r^7„ - J^y/jy), AaiAsequeittevoluriodft 

20 ^^(7ij,J^+/,^/:ij,). The tbirf main pa^ mda 
90^(l) pul$e> with a suitable phase, 9 , that transforms (liyl2x ^nto (i'lJ'n. -I^yhyY 

The usefiil part of the density operator is now 2SJ^I^ , An evohrtian period produces the 
useful part (neglecting tenns that are of no interest) wM 5* fey 

a90y(5>pulse, 

25 A realization of the second embodiment of the method according to the invention will be 

described with reference to the flowchart of FIG. 5. The realization of ^ second embodiment 
comi^ises the steps of; 
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500: Applymg a stationazy magnetic field jSo- 



510: HyiJrogenatioJi of the snbstrate wWi para-hydiogea in the presrace of the lOflgnstic 
field JSo. 

520: Applying a series of 180% pulsK followed by delays tj on (^on. Hie number of 
S rq^tioiis are typically oiie or two bnt maybe more stepisto 

bring the system into a state consisting of a two pzotcm zero quaotvm eohefence. The 
deteEnunatioa of delays and number of xep^xtians can be made aMlytiioally (one 
carbon, two protons) or by munedcal methods O^iore spins) and involves ma ximizing 
^ &Btor (Ii3^2^Ii^7^' Step S20 comesponds to the fiist main part of Hie second 
10 embodmmt. 

530: Applying a 90^y pulse on hydrogen, which results in a two-proton^ouble quantum 
coherence. 

540: Waiting for till s. During this time the two-protonrdouble quantum coherence 

Unnsfoxms into a three-spm cohereijice imrolving the caibon spia Steps 530 and S40 
15 corresponds to the second main part of the second embodiment. 

550: Optionally ^plying simultaneous 1 80^x }>u]ses on hydrogen and carbon in order to 
coxnp^Dsats fbr the efiBbct of field inhomogenexHes (spin echo pulses). 

560: Optionally waiting fbr tJ2 s. 

570: Applymg simultaneous 9tf*y and £K)'4, pulses on cwbon and hydrogen, ispedively, fin* 
20 producing a transverse cart>OU. polarizaTion. 

580: Wailing fibr s. 

585: Applying simuLtaneovs 1 80\ pulsm on caifoon and bydiogCT. 



590: Wailing fbr/i/2s. 
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595: Appl3ing»-90*yt>ulse(raomljoii.fbrtjaiis£om^ 

alto a longhodSnal polarization, wbidi is paxallsl to fta s^iplied field. Steps 570-595 
coaespoiute to the tbSnl inaia part of die sew^ 

It should be noted that m the second eanbodiineni, contrary to the first embodiment, if-pnlses 
5 direofly effecting fte polarizatioii are applied to both tiie caihon and hydrogen maclei. The 
polarizations adjievable by ttxe second embodinieni ate typicaUy between 60% and 9S%, 
t^frpft^ding oa&emoleculBw Formost instances, they are larger Hiaa iu the first embodiment, 
but die pnls© seqwuce is in most cases more complex and the duration of the polarization 
sequence is in general Umger. Hence, the loss due to spm relaxation during &s increased 
10 process dmarim has to be considered. Which of the embodiments to wseim^ 

conditions is thus decided based on these fectois and on the capability of the equipment Th» 
decision is typically "case by case", hnpleanentation examples and simulated results are 
enclosed in Ajppendbt A. As qjpimaiedby the cme 

pra^^^ ^ .^fitermirrififf ifaft piiiset seonenoes in NMB. and MRI ^Kcations can also 

15 be used 89 a guidance for deteoOTinalioa of the pd 
agent according to the pnesait invention. 

In both the described earibodimoits the delay tnass, are typically in the onJcr of l-lOO ms. 
The amplidide of the if-fields is typically 1-100 iiT, the dutation'of the pulses follows ftom 
the if-aniplitude and the fiequency adi^Jied to flie Lannor jBrequency of Hi© tar^ nucleiK. The 
20 stationary magnetic field Bo. ^Ked in step 400 and 500 respectively, is preferably 0.1-100 
mT, and more preferably 1-10 toT. 

The mdihad acceding to flte invention will fediitste the ptodnetion of highly polarized 
cotiuast agent The properties of the contrasi: agent may fiirflier be improved if tiie idaxatinn 
tate of spin system is leduoed. One way of tedodng 4e relaxation late of the spin system, 
25 i.e. extending the useMlifetiineofflie final contrast ageiitfc 

par»-hydrogen protons during liie piocasfi of hydrogeoation. Hae ^aiatus and Ihe method 
aooording to the invention of subjecting fbe contrast agent to rf-pidses, may advant^eoiisly 
be used also lo lednce tiie relaxaticm of ^ spin systenv 
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Dndng "flie process of bydrograiarion a substantial relaxation of the spin systeaooi occuzs. The 

l^laxatiofn takes place botiTwli^niie para-h ' 

iiotarmediate st^te and later, when it is nansfeuBd to the molecules of the ooixtKa$t agant. The 
relaxation lesults m a reduced FBQP ef&ct and impairs the perfoimance of the contract agent. 
During the h yd ro gwi atioa dififerent molecules will be.hydrogemied at dififereait times and ibo 
fbxmer para4iydr9SBa protons ivill no longer be in tiie singlet state. Intramolecular d^ol&- 
d^ole covqpliixg^wUl cause relaxaiim of the q»n systenru The dip61e-£pole interaction 
contributicRn to the relaxation can be significantly reduced by foidns ihe protons to jr^mani in 
the sifltglet state. From a quantum mechamcal consideration of die spm system ic can be 
realized that, by letting the process ofbydro^B^oation take place in the presence of both a rf- 
field and a static magnetic field, tiie protons can be forced to remain in their sii^et state. 
Hence the relaxation can be significantly reduced, 

Jji ordea: to utilize the method of exposure to rf-'field and magnetic field during hydrogenadon 
the reactor 210 has to be equipped with means for produdjig the fields. In addition, the 
15 inaterial of the iwctoi: 210 has to be transparBut both to the rf irradiation and the static 

magnetic field. Preferably a non-conducting, i.e tum-metallic material is used, for example 
g^as&-fibie reinforced epoxy. This material is also capable of "withstanding the substantial 
. pressure used during the proce^ The external static magnetic field and the if-fields cm 
preferably be provide by a magnet system similar to that of the magnetic t^atment miit 240 
20 described above. Alteinaiively the esctemal magnetic field may be provided by a solmoid coiL 
The required field stnsngth is in the order of 1 mT and the requirement of homogeneity is 
fairly moderate -> inhomogeneities of up to =b6% are acceptable* The rf-field may px^fe^ly be 
provided by crossed orthogonal saddle coils, which can piodyce ciitniji^y polarised rf-fields 
as well as moze complex decoupling sequences. The fiequency of the tf-field should 
25 con'espoMtotheLannorfieqiiiencyQftheprptQnSye.g^ 42.6 kBz if the external field is I mT 

(v , where vis fiequency of the rf-field. ;^die gyromagnetio ratio and Bq the mag^ietic 

field). The mtensity of the rf-field should preferably be optimized for each case, A suitable rf- 
field amplitude will typically be a j ^piuxim ately 50 fi.T» with an accqstable inhomogoaeity of 
the order of 1 0 pT. The genecation and control of the required fields are well-known in the 
30 area ojfNMR and the chosen implementation be modified in many ways as q^inreciated by 
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those ddlled in the art. All the magctedc field treamoats are preferably doooe with Qie same 
magaet syst^ and in the same chOTiber. Thus, in this preferred embodiment of The ^paiatus, 
tho reactor 210 and tiie magnetic treamnftnt imit 240 are combined into one unit. 

The embodiments of the method ^ecotdisg to the invention described above may be modified 
5 to also include the magnetic treatment for reducing the relaxation by letting As s^p of 
hydrogenation (step 400, 500) to be performed in flhe presence of a rambtned external 
magnetic field and an rf-field. The step in tMs prefexred qoibodiment being: 

400, SOO: Hydiogenation cyf the substrate iwifh pararhydrogeoa, performed in tihe prefieKkce 
of an exteraal atalionary magnetic fieldand aa external if-jQeld- 

10 The method of exposing die contx^t agent to a combined external magnetic field and an rf- 
field during the hydrogenation may be combined also with melhods of spin order trwisfer 
. odxer than the here descdbed method ntiliang series of rf-pulses/For example, the njethod of 
lasing field cycling sdiemes dcOTibed in WO 00/71 166, may be impnoved if a combined 
external magnetic field and an li-GjAd ia presoit dnring the hydrogenation. 

IS As the magn^c treatment tmit 240 in a preferred embpdiment of the invention has all the 
facilities of a two-channel I^IMR spectrometer^ it can be advantageously used for 
characteciznj^ checking tbe qnaUty of the produced contrast ageoL The ability of 
characterians, fbr example measoring the de^es of polarization in the produced coofrast 
a^xit, is valuable in developing and fine-tonmg the pidse sequences of the above^scribed 

20 embodiments. This is obviously most usefiil in die cases when the parameters of the pulse 

sequences have to be establiahed from e3q>eriment5> but also if the parameters are determine 
dnalydcally or by computerized optnnisatiioia, the degree of polarization may be inf^neased by 
fine-tuning parameters, &r example the delay thnes^ experimentally. 

The method of the invmtion is preferably implemented by means of a compuler program 
25 product c(»zqprising the sofiwaze code means f br p e r f orming the steps of the method by 

icoixttolling parts of the apparatus according to die invention. The conxputer pxDgram product 
is typically executed on the computer 330. The computer program is loaded directly or &om a 
compxxbsr usable medium, such as a floppy disc^ a CD, the Litemet etc. 
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From the TOvaHionthns desoSbed, it will be obvious that fiie iaventioa maybe varied in 
many ways. Sndi vanations aiepot Wt>eTepttifedwaiaeparturedErCB^ 
and an sncb modifioatioits as -vrould be obvious to one skilled in ait ai^ intended fiir 
indusioxi -witbin the scape of Hie foVowmg claims. 
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Appendix A 

Exenqjlsry pq1$6 sequences: 

Pulses given in degrees with phase as subscript; delays as time t with index as subscript 
Sequence 1-2 ^xresponds to the Gx^i embodiment of the mveiitio% sequence 3 to the second 
5 embodixxtent dnd sequ^ce 4 is a special case related to double bydrogenation. 

Sequieace la: 

l8QK"trl8<V t2-9(V-t3/2-18Qjrt3/2r <plx 
Ih — 180« 

SequencB lb: 

*H " 140,-^ 180, 

Sequence Ic: 

*H lSQ«-t3 180.^3 ISOh 

15 Sequence Id: 

*H 180i^^^ 1 8CWy— 1 SOjrti 190% 

Sequence 2a: 

% 18Q.rti-lB0eti-18Qir lz-90y-T3/2-l«W2- 91. 
20 ISOx 

Sequence 2b: 

"C ia0!^-trl8QK-V18Q^fe«Vti'2-lS0^^ 92,i 
^ 18(t-Ti ^ — I80x 



Se«)aence2c: 

'H — ~ . im^t3 180,r% ^ 180. 
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SequmeeS: 

Sequence 4: 

tH J80, 



Examples of predletiofU 

<7«i^!rt agent: Maleio add 
10 JH«=10.65Hs5,Jmcf=15.5Hz.JH2c=0^Ha 

Pulse Seqneoce la. B(i=5 ml, ti= 20.76 ms. t2=33.91 ms. ^38.39 ms, q»l=90*: 
PolatwatioaP" 76.98 % , Total dmadra = 93.06 ma. 

15 Pulse Sequence lb, m% t,= 20.76 ms, ti=33.91 jx^, t3=38.39 ms. <pl=90% «p2--l 
Polarizafian -Si:23% , Total doratiini = 131^ Jns. 

Pulse Sequence Ic BnF»5 mT, t,» 20.76 ms.1jr^3.91 ma, ti=3839 ms, 91^0", <p2^: 
q»3-6.14': 

20 Polarization 81.7% , Total dmation - 169.83 ms. 

Pulse Sequence 3, Brf^ mT. ii=Z. ti=e8^ ms, lap31.2S ms; t3=69 ms: 
Polarization P= 85>i% , Total damiifln = i77.0 ms. 



25 Contrast g frentt mcemic add f2.3"Da'> 

JHHv(if=7 Hz. iHicf? Hz, Jh2C= 0 Hz. A5H= 0 i»pm 

Pulse Sequence la, Bo^ mT. ti= 44.09 ms. t2-46.64 ms, t3=63.89 ms, <pl=90'': 
Polarisation P= 71.55 % , Total duration »=• 154.62 ms. 
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Ihilse Sequence lb, B(f=5 mT, ti= 44.09 ms, tz=46.64 ms, t^=63.S9 ms, 9l'=90% q>2=>-30.9tf': 
PolatizaEtion -«3.45% . Total duration ■= 21 8.51 ms. 

5 Pulse Seqmffiace Ic, Btf=5 mT, ti« 44.09 ms, i;£=46.64 ms, ti=$3.89 ms> (pl^SO*, q>2=-30.96', 
C|>3=17.16": 

PolarizKtion P= 8733% , Total duration =282.4 ms. 

Pulse Sequence Id, B(i=5 mT, tj"- 44.09 ms, 1^=46. W ms, t3=63.89 ms, ^1«==90'', q>2=-30.9€', 
10 (p3=17.16°, 93= -10.04*: 

Polarization. ^8.69% , Total duxation - 346.29 zns. 
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Pulse Sequence i, EKf=5 mT, if=3. ti=63.9 msi, W1.4 ms, t3-l35.4 ms: 
PoladTatian P^ 93.2% , Total duiatian = 398 ms. 
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rVirttfast agent; OAcet yl lacdc acid (33-1^ 



Poise Sequence 2a, B(p5 mT, ti= 40.07 ms, t4=^8.12 ms, 13-66.57 ms, tpl=&0': 
5 Folarizadon P= 57.6 % , Total dmatixm = 23 1.33 ms. 

Pialse Sequence 2b, Bo=5 mX, t,= 40.07 ms. t2-S8.l2 jns, t3=66.57 ms. 9l=«0', <p>-38.2°: 
PolarizatjioD.P« -72.06% , Total doration = 297.9 ms. 

10 Pulse Seqaenee 2c Bo=5 mT, t,='40.07 ras, iif^8.l2 ma, t3=66.57 9l=50°» 92=-38:2!" , 
93=«23.96*: 

'Polaiizalion P= 78^0% , Total doiatian = 364.47 ms. 
15 Pclari»tti«BP« 93.07%, Total duratkai-- 424.7 ms. 

S T>eeial ease;Succi ";(> artirf prodiiced fiom a cetylene dicarfeoxvlic add bv twp parahydrofiea 
ypactjpns in rapid 3e ciTien.ce: 
20 . JHiMtf=7Hz,JMB8mPl4Hz,Jmcf^7Hz.JH2<^ 

Pulse sequence 4, ti=28.43 snw, t2=66.9 ms: 
Pol^ciation P*=57% , Total diiratioii =85.3 ms. 
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CLAIMS: 

1 - A metJiod for producing MR contrast agent, the method c om prisirig the steps of; 

'^btainvig (1 00) a ^luticm in a solveart of a hydrogeaatable, unsaturated substrate 
S compound and 9- catalyst for Ihe hydzogenation of a substrate ccmipound, x^erein die 

substrate compound cozxqnises imagiag nm:}ei; 

'hydrogenatmg (110) die substrate wtfii hydrog^ gas (^i) enriched m para- 
hydrogen Op-^Hz) to fbnn a hydrogenated contrast agent; 

-exposing (120) fh^ contrast agent to a oscUlafing m^gnelic fidid m cambixvstion. willi 
10 a stBtLonary inagnetic fidd fin: mhandng the contrasting e£Ebcts of fhe contrast agent 

ad^ted fbr use m an MR applicatiozu 

2, The method according to claim 1 wherein the osdlladng magnetic £eld is oscDlBting 
widi a frequency withui the r^on of radio fiequencdes (e.g fiom around 10 Hz to 
several GHz). 

15 3. The tnethod according to cdaim 1 wJherdn the osdlhtmg magaetic £eld is osdllacmg 
wilb a fiequency in the mt^rval SlsHz to 500 

4. The method according to any of daim 2 wherein tbe step of escposure to the 
oscillating magnedc field in combination with the stationary magnetic field is 
performed dining the st^ of hydrog^oation. wherdn die stqp of exposure is 

20 perfbmied for redndng the relaxation of tbs spin system of fhe cororast agent, 

whereby the contrasting effects of die coittrast agerit is enhmced- 

5. The method accordmg to claim 2 wherdn the step of ^xposuie to the oscillating 
magnetic field in combination with the stationary magnetic Seld is to be perfimned 
after the step of hydrog^iation, tihe step of ejqjosure is performed for enhancing the 

25 degree ofpolari^tion of an imaging nucH of the contrast agent, wherd>y the 

contrasting efiEects of die coiitiast agent is enhanced. 

6. The method accordix^ to daim S wherein the step of exposure to iho oscillating 
magnetic field in combination with the stadonary magnetic field conqirises exposing 
the contrast a^nt to at least one s^es of pulses of the oscillating magnetic field (rf- 

30 pube). 
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7. The m^od according to clann 6 ^wherein the exposing step comprises: 



of tie hydrogeaated contrast agtot and delays between tihe pulses, flie fiist seri« 
adapted to bring the system into a state coxxsiptiag of a zero qoantujn cohetence 
5 involving the protons and the ima^g nuclei; 

^plying (430-480) a second series of pnlses of die Lannor firequemiy of the 
ima^ngnucH of the hydrogeoated contrast ag^ and delays 'between the pulses, the 
second s^es adapted to give a progressive build up of carbon polazizatLon H the 
direction of the ext^nal field axis. 

10 8- The method according to claina 6 wjiere^ 

(a) -applying <420) a series of 1 8 0\ pulses f oHowed by delay5(r/ ) on the imaging 
nudei; 

(b) ^^/j^S" (430) a 90^y pulse on caition; 

(c) 'Waiting (440) for tl% $; 

15 (d) -Optionally inlying (450) simultaneous 18tf*x piilses on iQ^dzogea and fee 

•■|, * ^ ^ 

imaging nuclei in oidsr to conqseaisate fox the e£fecC of field iiihomog^ities; 

(e) -Optionally waiting (460) for tH s; 

(f) --^5^^(470) a foilse with anangl^ on the imaging nucl^; 

fe) -OptiiMially /^eso/ir^ steps c I3p/t» prodi3ice a progressive build 19 of tbe 
20 imft fl iti g Tmclei polarization in the dir^tion of the exteszial field axis, wherein the 

angle ^ may be dififexeut in each r^petitLoru • . 

9. The method according to claim 6 v?herein the exposing step comprises: 

'Cppfylng (520) a first smes of pulses of the Lamoor frequsicy of the imaging nncld 
of the hydrogenated comiast agent and delays between the piilses. the first series 
25 ad^ted to briog the system into a state condsdng of a zero quantum 

involving the protons and the imagmg Jiuclfii^ 

'^tppfying (530-540) a second series of pulses and delays between the pulses 
(TftTtTpn sing of pulses of the I^omor frequency of the imaging nuclei of the 
hydMgeaated contrast qgent alterasted vdih pulses of the Larmor fr^uency of the 
30 hydrogen of die hydrogeuated contrast agent, die second series ad^ted to transfoiPi 

a two-proton-double quarttran coherence intD a three-spin coherence involving tihe 
spins of the imagmg nuclei; 

applying (570) simultaneous 90% and 90°^ pnlses on the imaging nuclei and 
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hydtcgetu respectively, adapted for producing a transveise polanzatiozi of the 
imagiTiB nuclei. 

The m^hod accordfng to claim 6 wherem the exposnig step comp rises: 
"Opplyii^ (520) a series of 1 80\ pfulses followed by delays tj on the iroagmg nuclei; 
'appfying (530) a PO'^y pulse on h^diDgen; 
'^waiting (540) for Z2f2 s\ 

optionally cppfytng (550) smxultaneous 180% pulses on.hydrog^ rod Ae iTwagSng 
nucld in order to compensoce £br the e£&ct of field inhomogeneitie^ 
-optionally waiting (560) fixr tzlZ s; 

-applying simnltaneous (570) 90% 'and 90% pulses on the imaging nuclei aud 
hydrogen; 

-wafting (580) for tg/l 3; 

"applying (585) sizmiltaneous 180% pulses on £he ima gng nuclei aad hydrogen; 

-wafting (590) for tsfZ s; 

-<53p(^wig- (595) a -90% pulse on carbon, • . 

Appazatns for prodiidbiig MR contrast agent, the ^p aratuk comprising a Tnagneiie 
treatment unit (240) adapted for mf^etic treatme^d of the conlxast agent; 
characterised in that the magnedc treatment unit (240) oonqnises means for 
producing an osoillating n^ago^c dEeld and means for producing a stationaty 
magnetic field. 

Apparatus according to claim II Trherebi said magnedctreatm^ unit (240) is 
combined with a hydzograiation reactor 21 0* 

Apparatus according to claim 11 or 12 wherein said magnetic treatment unit (240) 
conqnises essentially the magnetic system of a NMR spectrometer. 

Apparatus according to claim 1 3 wherein said magnetic system of a NMR 
spectram^er additionally are used for analynng the produced contrast a^nt with 
NMR spectroscopy, 

Appaz^tus according to claim II or 12 wherein said magnetic trestmeat unit (240) 
conq^oises a Helmholt^ pair (360) for producing the stationary magnetic field and a 
NMR coil (360) for producing the oscillating magnetic field. 
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16. A computer program product cJiraflyload^ 

for pjxwJucing MR contrast agent comprising the software code ine»a$ ad^ted ftxr 
contfdlling the steps of any of tbe dajxns 1 to 10. 

5 A ^vwnpnter program product stored on a compTiter uiable medinnu comprising a 

loadable program ad^ted fiir causiAg a pxocessiiig means, in a pxoce^fiixig unit for 
controlling the method and apparatus for producing MR. ccmtrast agen^ to control » 
execution of the steps of any of die claims 1 to 10, 



•t 
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ABSTRACT 

The present invention relates to an atraugement and a metliod for providing contrast agent for 
ag. MRI (Magnetic Resonance Imagffig) and NtVlR (Nuclear Magnetic Resonance) 
applications* The method according to the invenrion conqpnses the steps of ottaunng (100) a 
5 solntto?3L in a solvent of a hydrogenatable, unsaturated aibstrate confound and a catalyst fer 
the hydro^nation of a srabsiiate compound, hydiogenating (1 10) the substme with hydrogen 
gas (Hsj) enriched inpara-hydiogai (p^^Kz) to fonn a-hydrogenatsd contrast agent and 
eqraiahig (120) the contrast agent to a oscillatms oiagnclic jSdd in combination with a 
stadonaiy magnetic fidlcL The apparatus compaises a magnetic tieatmeat unit (240) equipped 
10 with means for producing an oscillaxiQg and a sfaizonaiy magnetic field. 



FIG. I forpnblicalion 
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